Ferromagnetic resonance was used to study the influence of vicinal ͑miscut͒ angle and film thickness on in-plane fourfold and uniaxial magnetic anisotropies in epitaxial Fe 3 O 4 films grown on vicinal MgO͑100͒ surfaces. The in-plane fourfold anisotropy constant K 4ʈ is approximately the same for all films but the dominant in-plane uniaxial constant K 2ʈ varies linearly with the inverse Fe 3 O 4 layer thickness and approximately quadratically with the vicinal angle. A second, weaker, in-plane uniaxial term is evident for the film on a larger miscut ͑10°͒ substrate. The easy axis of the dominant in-plane uniaxial term is perpendicular to the step edges. The dominant in-plane uniaxial anisotropy has one term inversely proportional to the film thickness that is associated with anisotropy localized at the interface and a second term that is independent of film thickness; the latter may arise from the preferential alignment of antiphase boundaries with the step edges.
I. INTRODUCTION
The magnetic properties of ferromagnetic thin films grown epitaxially on a vicinal substrate surface are of interest because of both their technological and scientific importance. [1] [2] [3] There have been several studies of such films on these step arrays: Fe/stepped Ag͑100͒, [4] [5] [6] Fe/stepped Au͑100͒, 6 Fe/stepped W͑001͒, 7, 8 Fe/stepped W͑110͒, 9 Fe/ stepped Mo͑110͒, 10 Fe 1−x Co x /stepped GaAs͑100͒, 11 Co/ stepped Cu͑100͒, 12, 13 and CoPt 3 /stepped MgO͑100͒. 14 They all show that the parallel step arrays induce an in-plane uniaxial magnetic anisotropy. However, the easy axis of magnetization associated with this anisotropy is sometimes parallel to the step edges 3, 5, 10, 12, 13 and at other times perpendicular to them. [6] [7] [8] 14 As noted above, measurements have so far been mostly confined to films of Fe or Co and there are no reports or similar investigations for half metallic ferromagnetic materials. Half metallic ferromagnetic ͑HMFM͒ materials with their 100% spin polarization are expected to have an important role in spin electronic devices. Examples of such HMFM materials are rare earth doped manganites, double perovskites, CrO 2 , and magnetite ͑Fe 3 O 4 ͒. Fe 3 O 4 with its high Curie temperature of 858 K ͑Ref. 15͒ is particularly attractive. Epitaxial films of Fe 3 O 4 are often grown on ͑100͒ MgO because there is only a small lattice mismatch of 0.34%. However, because the Fe 3 O 4 unit cell is almost twice the size of the MgO unit cell and because films form by the coalescence of separately nucleated islands, such films contain antiphase boundaries ͑APBs͒. [16] [17] [18] Across these boundaries, the oxygen lattice remains unaffected but the cation lattice is displaced and this alters the magnetic exchange interactions at the boundary. As shown by Margulies et al., 16 intrasublattice exchange interactions dominate across the boundaries that thus separate oppositely magnetized regions. It was also shown 16 that this accounts for the difficulty in saturating the magnetization of magnetite films even with magnetic fields up to several tesla. Also affected by the presence of APBs is the magnetoresistance ͑MR͒ behavior of the films. 19, 20 To selectively extract the contribution of APBs to the MR, Arora et al. 20 measured the MR in directions ͓011͔ and ͓011͔, parallel and perpendicular to the step edges formed by the epitaxial growth of Fe 3 O 4 films on vicinal ͑100͒ MgO substrates with miscut angles of 0.5°and 2°. They showed that the APBs would preferentially align parallel to the step edges and so were able to show that the observed anisotropy in MR could be attributed to the presence of the APBs. A schematic diagram of a structure with an APB along the step edge is shown in Fig. 1 . More detailed discussion of the formation of APBs along step edges is given elsewhere.
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In this paper, we present the results of a systematic study of the in-plane magnetic anisotropy of Fe 3 O 4 films grown epitaxially on vicinal ͑100͒ MgO substrates. Since ferromagnetic resonance ͑FMR͒ is particularly sensitive to changes in such anisotropy, 21 this is the technique we have used. We have examined the effect of changing both the vicinal angle in the range 2°-10°for a fixed film thickness of 45 nm and of changing the film thickness from 30 to 70 nm at a fixed vicinal angle of 2°. Measurements of both the resonance field ͑H R ͒ and the linewidth ͑⌬H p.p. ͒ were made as a function of the direction of the magnetic field within the plane of the films and from these we extract the anisotropy fields and their dependence on both vicinal angle and film thickness.
II. EXPERIMENTAL PROCEDURE

A. Sample preparation
Two sets of Fe 3 O 4 films were grown by molecular beam epitaxy ͑MBE͒ on single crystal MgO substrates vicinal to ͑100͒. All the substrates were miscut along the ͓011͔ direction so that the edges of the terraces are in the ͓011͔ direction. Three different substrates were used with a miscut angle, ␣, of 2°, 5°, or 10°. Films of thickness, d, of 45 nm were grown on each of these substrates and, in addition, films of thicknesses 30 and 70 nm were deposited on the 2°m iscut substrates. The substrates were cleaned chemically prior to insertion into the growth chamber and were further cleaned in situ at 600°C in UHV for 1 h followed by annealing in oxygen at 1 ϫ 10 −5 torr for 6 h. The Fe 3 O 4 films were grown by the electron beam evaporation of metallic iron ͑99.999%͒ in the presence of free oxygen radicals generated by an electron cyclotron resonance plasma source. The substrate temperature during growth was 250°C. Further details of the growth procedure are given elsewhere. 20 Reflection high energy electron diffraction ͑RHEED͒ measurements confirm that the films grew in a layer-by-layer mode at a rate of 0.3 Å / s. As reported previously, 20 RHEED images of the 2°MgO substrate taken after the UHV heat treatment, but before film deposition, give a miscut angle of 2.1°. Further RHEED measurements of this substrate after deposition of the 45 nm Fe 3 O 4 film showed 20 that the average terrace width is 5.7Ϯ 0.5 nm, consistent with the miscut angle. High resolution x-ray diffraction ͑HRXRD͒ rocking curves showed 20 that, for the above film, the out-of-plane lattice constant is 0.8372 nm whereas the in-plane lattice constant is 0.8423 nm, twice that of the MgO substrate ͑0.4213 nm͒. This gives the volume of the unit cell as 0.594 nm 3 , in full agreement with that of stoichiometric magnetite. It was inferred 20 from the in situ RHEED and the ex situ HRXRD measurements that the films grow pseudomorphically and maintain one-to-one registry with the MgO substrate.
B. Ferromagnetic resonance measurements
FMR measurements were made at room temperature using a rectangular TE 102 mode cavity operating at about 9.6 GHz. Samples were mounted horizontally at the end of a vertical, spin-free, quartz rod that could be rotated by a goniometer such that the magnetic field direction varied within the film plane. 100 kHz field modulation was used and so the FMR signal corresponds to the field derivative of the absorbed microwave power. The resonance field was taken as the field value at which the signal crosses the base line between the derivative extrema and was determined typically to an accuracy of 5 Oe. The absolute orientation was determined to within about 5°but changes in orientation could be measured to within 0.1°. The magnetic field position was calibrated using an NMR magnetometer and an electron paramagnetic resonance reference signal due to F + centers in MgO with a known g value. Figure 2͑a͒ shows a schematic diagram of a vicinal MgO ͑100͒ substrate. The overall surface of the film is parallel to a plane formed by rotating the ͑100͒ plane by ␣ degrees about the ͓011͔ direction where ͓011͔ is the mean direction of the atomic step edges. The direction of H within the film plane is given by the angle H Ј , as shown in Fig. 2 . For all films the angle H Ј differs by less than 1°from H , the angle between ͓010͔ and the projection of H in the ͑100͒ plane.
III. EXPERIMENTAL RESULTS
A. In-plane angular dependence of resonance field
A single FMR line was observed for all the samples. For each sample, we measured the dependence of the ferromagnetic resonance field, H R , on the direction of the external magnetic field, H, as it was rotated within the plane of the film. Figure 3 shows this in-plane angular dependence for the Fe 3 O 4 films of different thicknesses ͑30-70 nm͒ on MgO ͑100͒ substrates with a fixed vicinal angle of 2°. Figure 3͑a͒ shows that the 70 nm film displays the fourfold anisotropy to be expected for a cubic crystal. The minima in H R occur at H Ј =45°,135°,... corresponding to the projections within the film plane of the ͓011͔-type directions; this is consistent with previous FMR measurements 22, 23 of thin Fe 3 O 4 films on ͑100͒ MgO that also find the minima to be in ͓011͔-type directions. Details of the analysis are given in the next section and we just note here that, as shown in Fig. 3͑a͒ , the angular dependence of H R fits well to that expected for cubic magnetocrystalline anisotropy. However, Figs. 3͑b͒ and 3͑c͒ show that for the 45 and 30 nm films, the value of the resonance field for H parallel to ͓011͔, or, to be more exact, to its projection in the film plane, clearly differs from that for H parallel to ͓011͔. This implies an inequivalence of the ͓011͔ and ͓011͔ directions that is a manifestation of an in-plane uniaxial anisotropy superimposed on the cubic anisotropy; the former increases in strength with decreasing thickness as shown in Fig. 3 . As discussed in detail in Sec. IV and as shown in Figs. 3͑b͒ and 3͑c͒, a good fit to the angular dependence is obtained by including an in-plane uniaxial anisotropy term with axis along the step edge direction ͓011͔; however, it is clear that the uniaxial easy axis is in the ͓011͔ direction, perpendicular to the step edge. Figure 4 shows the effect on the in-plane angular dependence of H R of changing the vicinal angle, ␣, from 2°to 10°a t a fixed film thickness of 45 nm. Figure 4͑b͒ shows that increasing ␣ from 2°to 5°leads to an increase in the magnitude of the uniaxial term that manifests itself as an increase in the difference in the H R value for the ͓011͔ and ͓011͔ directions. Once again, the combination of the cubic term with a single in-plane uniaxial term yields a good fit as shown in Fig. 4͑b͒ . Figure 4͑c͒ shows the angular dependence of H R at ␣ = 10°. Two points are worth noting about this plot. Firstly, H R is further decreased along ͓011͔ and increased along ͓011͔ ͑to such an extent in the latter direction that the dip has disappeared͒ and this indicates a further increase in the magnitude of the previous uniaxial term. Secondly, there is an inequivalence in the directions ͓001͔ and ͓010͔; we find that this can be accounted for by the inclusion of a second but weaker in-plane uniaxial term, this time with axis along ͓010͔, and Fig. 4͑c͒ shows that with this a good fit can be obtained.
B. In-plane angular dependence of linewidth
The dependence of the peak-to-peak FMR linewidth, ⌬H p.p. , on the applied field direction within the film plane was measured for all samples. Figure 5 shows the in-plane angular dependence of ⌬H p.p. for the films with thicknesses 70, 45, and 30 nm on the ␣ = 2°substrate; also shown to aid comparison is a plot of H R versus angle H Ј for the film with ␣ = 2°, d = 45 nm. It is clear that changing the thickness in this range has a little effect on the linewidth. For the 70 nm film ⌬H p.p. varies approximately in step with H R with minima when H is parallel to the in-plane easy axes in the ͓011͔-type directions; there also appear to be weaker minima along the ͓010͔-type directions. For the other two films, there also appear to be linewidth minima along the ͓011͔-and ͓010͔-type directions. The linewidth variation is quite small, ranging from about 180 to 200 Oe for the 70 and 45 nm films, and from 190 to 225 Oe for the 30 nm film.
In contrast to the small effect of changing the film thickness, Fig. 6 shows that changing the angle ␣ at a fixed thickness, d, of 45 nm, has a much larger effect on the linewidth. To aid comparison, the angular dependence of H R for ␣ = 5°, thickness d = 45 nm is also shown in Fig. 6͑d͒ . It is clear that for ␣ = 5°and 10°, the minima of ⌬H p.p. are again along the ͓011͔-type directions but now the linewidth minimum along ͓011͔ is clearly less than that along ͓011͔. The inequivalence of the ͓011͔ and ͓011͔ directions is therefore also revealed in the linewidth. Surprisingly, as Fig. 6 shows, the ⌬H p.p. angular dependence pattern is shifted in angle by Table I. 90°relative to that of H R . Finally, we note that increasing ␣ from 5°to 10°amplifies the variation in linewidth and also increases the mean value of ⌬H p.p. .
IV. ANALYSIS
A. Angular dependence of the resonance field
We begin by considering what is the appropriate expression for the magnetic free energy density of the Fe 3 O 4 films grown on the vicinal ͑100͒ MgO substrates. The measurements of the lattice parameters, given in Sec. II, show that there is a slight tetragonal distortion for the film with ␣ = 2°, d = 45 nm. From our earlier studies, 24 we know that the same is true for the other samples in the thickness range used in the study. The step edges reduce the in-plane symmetry from fourfold to twofold. Therefore, the formula for the free energy density, F, for a cubic crystal does not apply. We use the formula for a crystal with both in-plane and out-of-plane fourfold and twofold anisotropies given by Liu and Furdyna 25 as follows: 
͑1͒
Although the sources of the anisotropy in our case are not exactly the same as those observed by Liu and Furdyna, 25 this formula is phenomenologically correct. For a ͑100͒ film, and H are the angles between ͓100͔ and the magnetization M and applied field H, respectively. and H are the angles between ͓010͔ and the projections of M and H, respectively, in the ͑100͒ plane. The first term is the Zeeman energy −M · H and the second, 2M 2 cos 2 is the demagnetizing energy ͑or so-called shape anisotropy͒ for an infinite plane, to which the film is an approximation. The other terms that are most relevant here come from the magnetic anisotropy. The anisotropy fields H i in Eq. ͑1͒ are defined in terms of anisotropy energies K i as H i =2K i / M. The in-͑100͒-plane, K 4ʈ , and perpendicular to ͑100͒ plane, K 4Ќ , fourth order terms arise from the cubic anisotropy and differ because of the tetragonal distortion. The second order uniaxial anisotropy term K 2Ќ , with axis along ͓100͔, comes from the vertical lattice distortion and from the broken symmetry of the crystal field acting on the ͑100͒ interface atomic layer, as pointed out elsewhere.
21,25 K 2Ќ may depend on film thickness. In the present case, perhaps, the most important term is the in-͑100͒-plane uniaxial anisotropy energy density K 2ʈ that implies a difference in energy between the cases of H ʈ ͓011͔ and H ʈ ͓011͔. This is to be expected since the step edges are parallel to ͓011͔. It is to be expected that K 2ʈ depends on both vicinal angle and film thickness.
The resonance frequency is given by 26, 27 ͩ ␥
where ␥ is the gyromagnetic ratio. Equations ͑1͒ and ͑2͒ yield the general resonance condition We now consider what is the appropriate resonance condition for the present case, where the applied field H lies within the film plane, which is tilted from the ͑100͒ plane by an angle ␣ about the step edge direction ͓011͔. We define a new set of axes xЈ, yЈ, and zЈ as shown in Fig. 2 , where zЈ is the film normal and xЈ and yЈ are the projections of ͓010͔ and ͓001͔, respectively, into the film plane. Since in our experiments H lies in the film plane, we have taken H Ј as the angle between H and the xЈ direction. Similarly, since M will also lie within or very close to the film plane, we take Ј as the angle between M and xЈ. The angle H Ј between H and zЈ ͑the film normal͒ is 90°and also ЈϷ 90°. We estimate that, for all ␣ ഛ 10°, ͉ H − H Ј ͉ Ͻ 1°and so to very good approximation we take H = H Ј . It is also reasonable to suppose that = Ј. As regards the other angles, H varies between 90°f or H ʈ ͓011͔ ͑at H Ј = −45°͒ and 90°+ ␣ for H ʈ ͓011͔ ͑at H Ј = 45°͒; a very similar variation for is expected. If we make the reasonable approximation that in our case, Ϸ H and ЈϷ H Ј , then the errors in taking H Ϸ H Ј amount to only about 3%, 6%, and 3% in the cases of sin 2 , sin 4 , and cos 2 , respectively. Since these errors are small, we make the simplifying assumption that = Ј= H = H Ј = 90°, as well as = Ј and H = H Ј to obtain the resonance condition for our case to be
where 4M eff =4M − H 2Ќ . It is worth noting that, because in our experiments H lies in the film plane, the demagnetization contribution to the energy density should be zero.
When the magnetization lags appreciably behind the inplane applied field, a plot of resonance field versus H exhibits a smaller curvature for H along the easy axis than for H along the hard axis 28, 29 but, as shown in Fig. 3͑a͒ , the curvatures at points A and B are very similar and therefore we also take Ј= H Ј . Figures 3͑a͒-3͑c͒, 4͑a͒, and 4͑b͒ show that the data fits well to the angular dependence predicted by Eq. ͑4͒ with Ј= H Ј . The values of H 2ʈ , H 4ʈ , and 4M eff used in the fits are given in Table I . The fits were evaluated with g = 2.12. 30 Figure 4͑c͒ shows that at ␣ = 10°, in addition to the inequivalence of H ʈ͓011͔ and H ʈ͓011͔, there is an inequivalence of H ʈ͓010͔ and H ʈ͓001͔ that is not accounted for by Eq. ͑4͒. One possible reason for this inequivalence could be the presence of kinks in the step edge. It is possible that for the larger values of ␣, miscutting the MgO ͑100͒ surface along the ͓011͔ direction may not produce exactly straight step edges, but rather a ragged edge, with some portions along ͓011͔ and others along another direction. Since imaging of the MgO surface is difficult in ambient due to the formation of hydroxide, we cannot confirm that this is the case; however, the presence of step portions along one of the principal crystal axis directions could induce this additional inequivalence that is observed. In an attempt to account for this, we introduce a further in-plane uniaxial anisotropy density term F A Ј with axis along ͓010͔ so that
where ␤ x is the direction cosine between H and the ͓010͔ direction.
With the same assumptions as before, this leads to the resonance condition
͑5͒ Figure 4͑c͒ shows that Eq. ͑5͒ gives a good fit to the data. The parameters used in the fit are given in Table I . Table I shows that both H 2ʈ and H 4ʈ are negative and that the one value of H 2ʈ Ј is positive. This implies that, as regards anisotropy contributions to the free energy density, the cubic term gives a minimum along ͓011͔-type directions, the first uniaxial term gives a minimum along ͓011͔, which is perpendicular to the step edge direction ͓011͔, and the second uniaxial term gives a minimum along ͓001͔. The most interesting parameter for these films is the uniaxial anisotropy field H 2ʈ ͑=2K 2ʈ / M͒. Fig. 7 suggests that, for ␣ = 2°, the dependence of H 2ʈ on d is given by
with A =33Ϯ 6 Oe and B =−͑2.4Ϯ 0.2͒ ϫ 10 −4 Oe cm. In addition, Fig. 8͑a͒ shows that, for a film thickness of 45 nm, H 2ʈ varies almost quadratically with ␣ the log-log plot of Fig. 8͑b͒ gives the exponent to be 1.89Ϯ 0.06. An expression for H 2ʈ that is consistent with these results is in-plane uniaxial anisotropy ͑K sp / a − K s ͒␣ 2 / d where K s and K sp are the surface and step anisotropy constants, respectively, and a is the step height. This result was obtained using a model based on that proposed by Neel, 31 which kept only its functional form reflecting the symmetry of the lattice. The in-plane uniaxial anisotropy of bcc Fe grown on stepped Ag͑001͒ ͑Ref. 5͒ and of Fe on curved W͑001͒ ͑Ref. 8͒ is found to show an ␣ 2 dependence, similar to the one in magnetite. By contrast, for an fcc lattice, the steps can give rise to a linear dependence of the induced anisotropy on step density as has been observed 12 for fcc Co on curved Cu ͑001͒. Spinel Fe 3 O 4 is a lot more complex than a metal, for example Fe, and first-principles derivation of anisotropy cannot readily be done. However, in order to get an estimate of the anisotropy constants, we assume that our ␣ 2 / d term in Eq. ͑7͒ can be identified with that for the bcc film so that
with B =−͑2.4Ϯ 0.2͒ ϫ 10 −4 Oe cm. For the ␣ = 2°films, the mean terrace width is 5.7 nm, 20 and so the step height a Ϸ 0.2 nm; we assume the same value of a for all films. From previous measurements of M͑H͒, 20 Now, we turn our attention to the other term in Eq. ͑7͒, ͑90/ ͒ 2 A␣ 2 , which is independent of film thickness. Its independence of film thickness implies that it can be associated with a uniaxial volume contribution K U V , so that we may write
͑9͒
Using the previous values of A and M, we obtain K U V Ϸ 6 ϫ 10 6 erg/ cm 3 . Leeb et al. 6 found that the in-plane uniaxial anisotropy constants, K u eff , for Fe films on vicinal Ag͑001͒ and Au͑001͒ fit to a similar expression
although the values of K U V = −2.3ϫ 10 4 erg/ cm 3 and −1.6 ϫ 10 4 erg/ cm 3 found for Fe/ Ag and Fe/ Au, respectively, are much smaller than the value we find for Fe 3 O 4 / MgO. It is interesting to note that for Fe/curved W͑001͒ and Fe/vicinal Ag͑001͒, 4 the in-plane uniaxial anisotropy was found to be thickness independent although varying as ␣ 2 . In these latter cases, the thickness independence was attributed to the presence of strain. Wu et al. 4 suggested that 1 / d dependence was seen by Leeb et al. 6 because the strain was relaxed, possibly as a result of depositing the Ag and Au seed layers on a stepped GaAs ͑001͒ substrate with vicinal angle of 2°. HRXRD studies of our films show that strain is isotropic within the plane of the film 19 and cannot contribute to the uniaxial volume term K U V . Instead of being linked to strain, the K U V term may be related to the preferential alignment of the APBs parallel to the step edges. 20 These defects propagate though the entire thickness of the film could produce an anisotropy energy proportional to the film's volume.
Turning now to the value of H 4ʈ ͑=2K 4ʈ / M͒, we note that its value of −305 Oe found for all samples, except the ␣ = 5°and 10°films, is similar to that of 2K 4ʈ / M = −380 Oe obtained by van der Heijden et al. 22 for Fe 3 O 4 films grown on MgO ͑100͒ using MBE. The former value is 65% of that of −466 Oe for magnetite single crystals, 32 which is indicative of a high crystalline quality of these films. We note that the values of 2K 1 / M for magnetite produced by sputtering and pulsed laser deposition differ substantially from those for the bulk single crystals. 23, 33 
B. Angular dependence of the linewidth
The striking feature of the results is the development of a strong in-plane angular dependence of the peak-to-peak linewidth, ⌬H p.p. , for the 45 nm thick film as the vicinal angle is increased from 2°to 10°. By contrast, the angular dependence of ⌬H p.p. for ␣ = 2°remains rather small as the thickness is changed between 30 and 70 nm. We now seek to explain these features. It is usual to express the linewidth as 
